Antibody array proteomics was used to detect differentially expressed proteins in inner medullary collecting duct 3 (IMCD3) cells grown under isotonic and chronic hypertonic conditions. Of 512 potential proteins, >90% were unchanged in expression. Noteworthy was the up-regulation of several tight junction-related proteins, including MUPP1 (multi-PDZ protein-1), ZO1 (zonula occludens 1), and Af6. The most robustly up-regulated protein under hypertonic conditions was MUPP1 ( 
T he cells that inhabit the hypertonic environment of the inner medulla possess a number of adaptive mechanisms that allow them to survive this harsh environment. This survival is mediated initially by the activation of ion transport systems and thereafter by the cellular accumulation of a number of organic osmolytes (1) (2) (3) (4) . It has become increasingly evident that in addition to the proteins required for the cellular uptake and/or synthesis of these osmolytes (transporters and enzymes), hypertonic stress brings about a coordinated response involving the up-and down-regulation of hundreds of genes (2, 5) , many of which may be critical to cell viability and adaptation.
In an approach to elucidate proteins involved in this osmotic adaptation, our laboratory is using genomic and proteomic tools, including gene arrays (6) and 2D differential gel electrophoresis (DIGE) (7) . With these approaches, we have recently discovered and described the osmoregulation of a small calcium binding protein, S100A4, that heretofore was not attributed to the osmotic stress response in kidney tissues (8) . However, 2D DIGE proteomics allows solely for the detection of high abundance cytosolic proteins. We thus undertook an alternative proteomics approach involving antibody microarrays (9) . We describe in this article the marked up-regulation of MUPP1 (multi-PDZ protein-1), a 2,056-aa, 13-PDZ domain-containing adaptor protein found in several tissues, including the kidney, also known as Mpdz (10) . MUPP1 was first identified as an interacting partner of the serotonin receptor type 2C (10, 11) . Hamazaki et al. (12) demonstrated that MUPP1 is located at tight junctions (TJs) of epithelial and endothelial cells where it acts as a scaffolding protein. MUPP1 has been reported to interact with integral proteins, including claudins and junctional adhesion molecules (13) , that together with occludins form TJ strands (14) (15) (16) . In general, the function and localization of these integral proteins in TJs are caused by the presence of scaffolding proteins, such as MUPP1, which anchor them to the F-actin cytoskeleton (17, 18) .
Disruption or redistribution of MUPP1 or other PDZ proteins, including zonula occludens (ZO1,2,3 TJP1,2,3 ), membrane-associated guanylate kinases, PAR-3/-6, and afadin (Af6), has been reported to compromise the intestinal epithelial barrier and fence function with translocation of important membrane ion transporters such as the Na/K-ATPase to the apical membrane (17, (19) (20) (21) . Oncoproteins have been shown to induce mislocalization of MUPP1 or its paralog PATJ, resulting in disruption of TJs and causing apicobasal polarity defects in epithelial cells (22) (23) (24) (25) (26) .
Although MUPP1 has been shown to be present in kidney tissues (13) , its regulation by hypertonicity has not been described to date. The present work was undertaken to confirm the observations made by antibody microarray analysis and further characterize the osmotic regulation of expression, half-life, cellular distribution, in vivo expression, and possible role in the osmotic stress response. collecting duct 3 (IMCD3) cells chronically adapted to 900 mOsm/ kgH 2 O. Statistical analysis of four spots for each protein (from two arrays) is shown in Fig. 1B and demonstrates an internal normalization ratio (INR) of 1.72 for MUPP1 signal intensity (P Ͻ 0.001). In a preliminary validation of antibody array data, gene expression as determined by gene array (Affymetrix, Santa Clara, CA) was examined (8) . As with antibody array results, message levels were up-regulated for the three TJ-related proteins, whereas GS15 was unchanged with hypertonic stress in IMCD3 cells (Fig. 1C) . It is important to note that gene chip and antibody array techniques represent a semiquantitative approach to determining the relative changes in expression of message and protein for control and experimental samples, which require validation by more quantitative methods including quantitative PCR (QPCR) and Western blot.
Validation of MUPP1 Message and Protein Expression in IMCD3 Cells
Exposed to Hypertonicity. Because of its greater level of expression in hypertonically adapted cells as compared with the other identified TJ proteins, our efforts focused on the MUPP1 protein. To validate the preliminary observations obtained from the proteomic and genomic analysis, we studied the expression of MUPP1 message and protein by QPCR and Western blot. Data shown in Fig.  2A indicate a substantial increase in MUPP1 message levels (Ϸ3ϫ; P Ͻ 0.001) in cells adapted to hypertonic conditions as compared with isotonic cells. This up-regulation was also determined for MUPP1 protein (3.6-7.5; P Ͻ 0.001) both with acute and chronic exposure to hypertonic stress. It is important to note that the up-regulation in expression of MUPP1 protein with acute (550 mOsm/kgH 2 O) and chronically adapted (600 mOsm/kgH 2 O) was similar (P Ͼ 0.05). However, MUPP1 expression was significantly greater in cells chronically adapted to 900 mOsm/kgH 2 O (P Ͻ 0.05). For comparison, Western blots prepared with anti-GS15 demonstrated equal protein expression in IMCD3 cells at isotonic conditions and chronically adapted to hypertonicity (data not shown).
Expression of MUPP1 in Renal Cortex and Medulla from Rodents and
Human Kidneys. To assess whether the changes seen in cultured cells are also observed in renal tissues, protein expression was also examined in kidney tissues when mice were subjected to ad lib water and after thirsting for 36 h (urine osmolality increased from 1,424 Ϯ 211 to 3,105 Ϯ 524 mOsm/kgH 2 O; n ϭ 6). Western blot data shown in Fig. 3 indicate a relative absence of MUPP1 protein expression in the cortex and substantial protein in the papilla. Furthermore, MUPP1 protein expression increased 253.0 Ϯ 22.3% (P Ͻ 0.01) in the papilla tissues upon thirsting animals for 36 h, with no change in the cortex. Analysis of MUPP1 protein expression in normal human kidney is shown in Fig. 3 for comparison and demonstrates the greatest expression in the hypertonic papilla with little comparable expression in the isotonic cortex tissues.
Immunocytochemical Localization of MUPP1 in Cells Adapted to
Hypertonicity. Immunocytochemical staining by confocal microscopy was undertaken to assess the presence and localization of MUPP1 protein in IMCD3 cells adapted to increasing levels of tonicity. 
Kinetics of MUPP1 Message and Protein Expression After Acute
Exposure to Hypertonicity. MUPP1 protein expression in IMCD3 cells subjected to acute sublethal osmotic stress was evaluated to determine the relative onset of expression. To this end, we undertook Western blot analysis for protein at numerous time points after exposure to sublethal hypertonicity. Data shown in Fig. 5 demonstrate a significant increase in MUPP1 protein only after 4-5 h of hypertonic stress (550 mOsm/kgH 2 O) with a maximum level of protein determined after 10-12 h. Analysis of half-life for MUPP1 message and protein in IMCD3 cells is shown in Fig. 6 . Data were curve-fit for exponential decay, and the half-life was calculated to be 26.2 and 17.8 h for MUPP1 message and protein, respectively.
Studies on the Osmotic and Ionic Mediators of the Up-Regulation of MUPP1 Expression.
To assess whether the effects observed with NaCl stress were unique to this solute, MUPP1 expression was measured after exposure to other solutes as well. As depicted in Fig.  7 , replacement of sodium with choline or chloride with acetate in no way affected the response (P Ͻ 0.01 vs. isotonic). Other osmotically active solutes, including sucrose and mannitol, also caused a marked increase in protein expression (P Ͻ 0.01 vs. isotonic). The addition of urea does not up-regulate expression of MUPP1.
Effects of Silencing MUPP1 Expression in IMCD3 Cells on Survival and
Transepithelial Resistance (TER) During Acute Osmotic Stress. To assess the physiologic significance of the osmotic up-regulation of MUPP1, we undertook to silence protein expression. A plasmidbased system generating fold-back stem-loop structures that are processed into the specific siRNA was used (pSM2-MUPP1; Open Biosystems, Huntsville, AL). This vector was lipid-transfected into IMCD3 cells, and stable clones were selected by growth in puromycin-containing medium. Expression of MUPP1 protein by Western blot in silenced clones and the empty vector control cells was assessed after incubation under acute osmotic stress for 24 h Cells chronically adapted to 900 mOsm/kgH 2O were changed to isotonic media and message, and protein was measured by QPCR and Western blot, respectively. Data were subjected to decay analysis for message (solid line) and protein (dashed line). The half-life was calculated from the one-phase exponential decay equation. QPCR and Western blot analysis were from three independent experiments performed in duplicate (Western blot; 200 g of total protein per lane; n ϭ 6).
[supporting information (SI) Fig. 9A ]. Clones that were totally silenced for expression of MUPP1 protein were selected for survival analysis.
A comparison of the effect of silencing MUPP1 protein expression in IMCD3 cells on survival under acute sublethal hypertonic stress is presented in SI Fig. 9B ). Cell number data indicate that silencing MUPP1 expression results in a modest reduction in viability of the IMCD3 cells compared with the empty vector controls and a delay in adaptation of these cells to the hypertonic state.
In view of its role in the maintenance of TJ integrity, we studied the effects of silencing MUPP1 on TER. TER data for monolayers of MUPP1-silenced cells versus empty vector controls adapted to 550 mOsm/kgH 2 O is shown in Fig. 8 . Measurements were made for 6 days to ensure full confluence in all monolayers. Data reveal a
Discussion
Changes in the cellular genome and proteome are required for cells of the renal inner medulla to survive and adapt to extreme changes in hypertonicity. A large body of information already exists for changes in proteins that are involved in organic osmolyte accumulation, ion transport, and DNA repair (1-4, 27, 28) . However, it is expected that a larger set of genes are involved that have wideranging effects of critical importance. Use of discovery tools, such as gene chip arrays, allow for a vast amount of information to be obtained regarding changes in the genome (Ͼ48,000 probe sets for Affymetrix mouse chipset 430-2). However, changes in message do not always result in the same changes in protein expression. Therefore, proteomic tools, including 2D DIGE and antibody arrays, provide a means to examine changes in the proteome of renal cells exposed to acute and chronic hypertonic stress. Previously, we had used the 2D DIGE approach to examine proteomic changes in renal cells with hypertonic challenge (8) . Although 2D DIGE is a powerful discovery technique, limitations include the inability to separate very large and very small molecular-weight proteins and hydrophobic proteins. In addition, low abundance proteins are generally not detected. In the current work, we have used the antibody array method for proteomic analysis (512 antibodies; Clontech) with excellent results.
The IMCD3 cell line from mouse provides a unique tool for studying the adaptive changes in the collecting duct of the kidney. Unlike mouse papilla, IMCD3 cells may be examined under isotonic growth conditions and chronically adapted to the hypertonic setting (29) . In the current work using antibody array proteomics, we determined that of the 512 individual antibodies in the array Ͼ90% were unchanged with regard to the isotonic and chronic hypertonic conditions in IMCD3 cells. Of those proteins determined to change, a greater number (23 proteins) were upregulated than down-regulated (18 proteins). Of interest was the group of TJ-related PDZ domain proteins, including MUPP1, ZO1, and Af6, found to be up-regulated. Our focus on MUPP1 expression was based on its greater level of protein expression in chronically adapted IMCD3 cells.
MUPP1 is a multi-PDZ domain protein characterized by its interaction domains. MUPP1 along with ZO1 and Af6 play a key role in maintaining TJ structure through their ability to form complexes with claudins, occludins, junctional adhesion molecules, and actin. Previous studies involving viral oncoproteins obscuring the PDZ domains for MUPP1 resulted in a disruption of both the TJ barrier properties and apicobasal polarity (22) (23) (24) (25) (26) .
The up-regulation of MUPP1 in IMCD3 cells in response to hypertonicity as determined by antibody array and gene chip analysis was validated by both QPCR for message and Western blot for protein. MUPP1 protein expression increased rapidly upon exposure of cells to an acute sublethal osmotic stress in a time frame similar to early-response proteins. Under isotonic conditions, IMCD3 cells were found to express very low levels of MUPP1, which increased some 200-300% during acute or chronic exposure to hypertonicity. The expression of MUPP1 protein in response to hypertonicity was also demonstrated in kidney tissues of mice and humans with substantial MUPP1 protein levels in the hypertonic papilla tissues and nearly absent in the isotonic cortex. Thirsting mice were found to further increase expression of MUPP1 in papilla tissues of mice. MUPP1 message half-life was determined to be extremely long in relation to protein stability, possibly to reduce cellular energy demand for producing such a long message. Ionic solutes, as well as mannitol and sucrose, resulted in near equal up-regulation of MUPP1 expression. In contrast, urea, a solute that does not set up a cellular osmotic gradient, demonstrated no effect on the expression of MUPP1. Fig. 7 . Effects of acute osmotic stress using various solutes on MUPP1 protein expression in IMCD3 cells. Solutes were added to increase medium tonicity to 550 mOsm/kgH 2O, and cells were exposed for 48 h. Cell lysates were analyzed by Western blot. Data depict the mean Ϯ SEM from six Western blots performed in duplicate (200 g of total protein per lane; n ϭ 12). Results indicate MUPP1 expression for NaCl, Na acetate, choline chloride, mannitol, and sucrose was significant as compared with the isotonic controls (P Ͻ 0.01). In contrast, data for urea were generally equal to or slightly lower than the controls (P Ͼ 0.05). A representative Western blot including the ␤-actin loading control is shown. Results indicate a 24% loss in TER for MUPP1-silenced monolayer cultures at day 6 (P Ͻ 0.02) as compared with empty vector controls. Data were collected from three identical experimental replicates and represent the mean Ϯ SEM for two independent experiments (n ϭ 6).
Localization of the MUPP1 protein by Z-stack analysis of confocal immunohistochemical staining in IMCD3 cells identified its presence at the basolateral membrane, consistent with the protein's potential involvement in TJ complexes. Silencing MUPP1 expression using a stable siRNA vector resulted in a complete loss of expression in IMCD3 clones under isotonic and hypertonic exposure. Although cell viability experiments with acute osmotic stress demonstrated only a minor affect on cell viability and adaptation in MUPP1-silenced cells (SI Fig. 9 ), a greater effect was determined when monolayers were examined for TER. As MUPP1 is known to play an important role in both claudin and junctional adhesion molecule organization, its expression may directly affect TJ complexes. Silencing MUPP1 could therefore be involved in disruption to some extent of TJs and at least a partial loss of function. This was, in fact, determined in silenced MUPP1 monolayers, which demonstrated a 24% loss in TER compared with empty vector control cells. Although the exact mechanism for this loss in cell viability and TER is yet to be thoroughly explored, it is engaging to speculate that loss of MUPP1 protein expression may result in a disruption of TJ integrity in vivo as well. This disruption of TJ complexes at the inner medulla of the kidney may result in loss of the permeability characteristics of this usually tight epithelium.
In conclusion, this report identifies MUPP1 as an osmotic response protein in IMCD3 cells and the papilla of mouse kidneys. Silencing the normal up-regulation of MUPP1 during acute osmotic stress reduces cell viability by a mechanism anticipated to involve the loss of TJ complex integrity.
Materials and Methods
Materials. Cell culture medium, FCS, and antibiotics were from Gibco (Rockville, MD). Antibodies to MUPP1 and ␤-actin were obtained from Clontech and Abcam (Cambridge, MA), respectively. All other chemicals were UHP grade and purchased from Sigma (St. Louis, MO).
Cell Culture. The established IMCD3 cell line originally developed by Rauchman et al. (30) was provided by Steve Gullans (Rx Gen, Hamden, CT). Cell stocks were frozen in liquid N 2 and propagated in a 1:1 mixture of DMEM and Ham's F-12 nutrient mixture supplemented with 10% FBS, 100 units/ml penicillin, and 100 units/ml streptomycin. IMCD3 cells have been adapted to 600 and 900 mOsm/kgH 2 O in our laboratory (29, 31) and can be directly compared with cells grown at isotonic conditions, thereby providing an excellent model for genomic and proteomic changes in response to osmotic stress. In experiments involving hypertonic stress, the media in culture dishes were exchanged for that with added NaCl to the specified osmolality depending on the experiment. Osmolality was determined with an microosmometer (model 3300; Advanced Instruments, Norwood, MA).
Antibody Array. Antibody arrays and reagents were from BD/ Clontech and consisted of 512 individual antibodies spotted in duplicate on a glass slide. The comparison of protein expression in IMCD3 cells under isotonic conditions and chronically adapted to hypertonic stress (900 mOsm/kgH 2 O) was performed per the manufacturer's protocol. Briefly, confluent cultures 100 ϫ 20-mm tissue culture dishes were trypsinized and washed with cold PBS, and cells were pelleted by low-speed centrifugation (three times). The final pellet was flash-frozen in liquid nitrogen. Samples were thawed and homogenized in nondenaturing buffer. Each protein sample (200 mg) was labeled separately with Cy3 or Cy5 dye (Amersham, Piscataway, NJ) before being passed through a PD desalting column (Amersham). Two antibody array slides were used to allow for a dye swap comparison (i.e., slide 1, Cy3-900 vs. Cy5-300; slide 2, Cy3-300 vs. Cy5-900 mOsm/kgH 2 O). With each antibody represented by two spots per slide, a total of four data points were generated for each comparison. The combined labeled protein samples were hybridized to the antibody array slide for 30 min at room temperature followed by a series of washes. The slide was then dried and scanned with a ProScanArray HT scanner (PerkinElmer, Wellesley, MA). Antibody array data were analyzed with ScanArrayG x /ProScanarray software (PerkinElmer). Positive and negative control spots were used to normalize overall signal intensities through adjustment of laser power and detector gain (per the manufacturer's protocol). The comparison of the two different protein sets by Cy3 and Cy5 signal used the INR and was calculated for both slides (four total spots per antibody) with Excel (Microsoft, Redmond, WA). An INR Ͼ1.2 or Ͻ0.80 was considered significant.
Cell Transfection. IMCD3 cultures were transfected with the pSM2 empty vector (v2MM173061) or the stable siRNA vector pSM2-MUPP1 (v2MM15924; Open Biosystems) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as described by the manufacturer. Stable transfectants (clones) were selected from colonies growing in plates from a 10-fold dilution series in media prepared with 10 g/ml of puromycin antibiotic (Sigma). Clones were subjected to a second round of 10-fold dilutions and replated in puromycin media, and a second colony selection was performed to provide clean clones for further analysis.
Cell Viability Experiments. Cell viability experiments were determined by cell counts after incubation at osmotic stress. Here, viability experiments were performed with minimal serum medium (0.5% FCS) as higher levels of serum containing hormones/growth factors, complement, and potential endotoxins can mask the effect of the stress. Cells were grown in 24-well flat bottom tissue culture plates (35-3047; Falcon BD Labware, Franklin Lakes, NJ) with each experimental time point performed in triplicate. At the defined time point, medium was removed, wells were then washed vigorously with 2 ml of new media, the media were removed, and 1 ml of trypsin was added and incubated at 37°C for 10 min. An additional 1.5 ml of media was then added to each well, the cells were resuspended, a 20-l aliquot of cell suspension was diluted 1:1 with Trypan blue (Gibco), and bright/nonblue cells were counted with a hemocytometer (Fisher, Pittsburgh, PA). Data from cell counts were similar to that obtained with the Cell Titer 96 assay (MTS reagent; Promega, Madison, WI) albeit with greater reproducibility.
TER Measurements. TER measurements on cell monolayers were performed after seeding control and experimental cells on Millicel-PCF filters (PIHP01250; Millipore, Billerica, MA). An EVOM voltohmmeter (World Precision Instruments, Sarasota, FL) was used to determine TER quantification. TER was measured in cells previously adapted to 550 mOsm/kgH 2 O after monolayers reached confluence (by microscopic evaluation) and continued over a 6-day period. TER values (⍀ ϫ cm 2 ) were calculated by subtraction of background signal (contributed by filter and growth medium alone) and multiplied by the surface area of the filter.
Mouse Kidney Tissues. C57/B6 mice were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were subjected to food and ad libitum water or thirsted for 36 h. Mice were killed by cervical dislocation, urine samples were collected from the bladder for osmolality analysis, kidneys were removed, and papilla and cortex tissues were dissected and snap-frozen in liquid nitrogen. Tissues were homogenized with a glass tissue grinder on ice with MAPK lysis buffer and analyzed as described (29) .
Human Kidney Tissues. Human kidney tissues from cortex, medulla, and papilla were obtained under the Colorado Multiple Institutional Review Board and National Institutes of Health Grant U19 A10636030 from a kidney that was not suitable for transplantation. Tissues were processed as described above.
RNA Extraction, Analysis, and Message Quantification. Cytosolic RNA was isolated from confluent cultures in 100 ϫ 20-mm tissue culture by using the RNeasy kit (Qiagen, Valencia, CA). Before QPCR, RNA integrity was assessed by capillary electrophoresis using a bioanalyzer (model 2100; Agilent, Foster City, CA; using the 28 S to 18 S rRNA ratio). RNA was converted to cDNA with an Omniscript reverse transcriptase kit (Qiagen) as described by the manufacturer. QPCR primers specific to MUPP1 were designed with Beacon Designer 5.0 software (Premier Biosoft International, Palo Alto, CA). QPCR was performed by using MUPP1 forward primer (5Ј-GCCTACCTGTGACGAACTTG-3Ј) and MUPP1 reverse primer (5Ј-ACTGCCCTCCTGAATCTCC-3Ј) (70 nM each) and the SYBR JumpStart Taq Readymix QPCR kit (Sigma) on an I-Cycler (Bio-Rad, Hercules, CA). QPCR runs were analyzed by agarose gel electrophoresis and melt curve to verify the correct amplicon was produced. ␤-Actin RNA was used as internal control, and the amount of RNA was calculated by the comparative C T method as recommended by the manufacturer.
Protein Extraction and Western Blotting. Cell protein lysates were prepared from confluent cell cultures in 100 ϫ 20-mm tissue culture dishes as described (17) . Sample protein content was then determined by the BCA protein assay (Pierce, Rockford, IL). Twohundred micrograms of total protein was loaded per lane for SDS/PAGE (5% wt/vol) analysis, and then transferred to PVDF membranes. Membranes were incubated with primary antibody and visualized by using an alkaline phosphatase secondary antibody and Lumi-Phos reagent (Pierce) as described by the manufacturer. Chemiluminescence was recorded with an Image Station 440CF (Kodak Digital Science, Rochester, NY), and results were analyzed with 1D Image Software (Kodak Digital Science). Blots were also analyzed for ␤-actin as a loading control.
Confocal Fluorescence Microscopy. IMCD3 cells were grown to confluence in 8-well glass slides (177402; NUNC, Rochester, NY) and fixed with methanol at Ϫ20°C for 2 min. Cells were then permeabilized with 0.3% Triton X-100 in PBS and incubated overnight with MUPP1 antibody. Cells were rinsed and incubated with a goat anti-rabbit Alexa-Fluor 488-conjugated secondary antibody (Molecular Probes, Eugene, OR). Samples were covered with an antifading mounting media containing DAPI for nuclei staining (Vector Laboratories, Burlingame, CA). Preparations were imaged with a ϫ40 water immersion objective using a laser scanning confocal microscope (model LSM510; Zeiss, Thornwood, NY). Data were analyzed with LSM Image Analyzer postacquisition software (Zeiss).
Statistics and Data Analysis. All data are presented as the mean Ϯ SEM. Data graphics and statistical analysis were performed by using Instat (version 3.0) and Prism 4 (both GraphPad, San Diego, CA). Independent replicates for each data point (n) are identified in figure legends. P Ͻ 0.05 was recognized as statistically significant. This work was supported by National Institutes of Health Grants DK-19928 and DK-66544 (to T.B.).
